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Binocular rivalry, which is induced by presenting the two eyes with incompatible stimuli, results in periods where one eyes stim-
ulus is seen and the other stimulus is suppressed. We measured the depth of suppression in two ways, with very diﬀerent results.
First, two similar forms were brieﬂy presented to one eye: the diﬀerence in shapes required to discriminate the forms was substan-
tially greater during suppression than during dominance. Second, the two forms were made suﬃciently diﬀerent in shape to be easily
distinguishable at high contrast, and contrast was lowered to ﬁnd the threshold for discrimination of the forms. Contrast sensitivity
did not diﬀer between the suppression and dominance states. These results were replicated with a motion discrimination task: sup-
pression markedly worsened the ability to distinguish increases from decreases in speed but did not elevate the minimum contrast
required for the same task. We interpret the results in terms of steep contrast–response functions in visual cortex beyond the primary
area.
 2004 Elsevier Ltd. All rights reserved.
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We are often unaware of a substantial fraction of
our visual environment. As you read these words, for
example, you have lost some awareness of the objects
and events surrounding the written page. What is lost
during unawareness, and what might be the mechanism
underlying this loss? One approach to these questions is
through binocular rivalry. When incompatible stimuli
are presented to the two eyes, one monocular stimulus
is seen for a few seconds and then the other stimulus is
seen, in a never-ending cycle. When one stimulus is
seen, and therefore termed dominant, the other stimu-
lus is not seen. This loss of awareness is called binocu-0042-6989/$ - see front matter  2004 Elsevier Ltd. All rights reserved.
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E-mail address: a.freeman@fhs.usyd.edu.au (A.W. Freeman).lar rivalry suppression. Binocular rivalry provides a
convenient method for studying the loss of visual
awareness because the perceptual changes are internally
produced: they occur without any change in the
stimulus.
Binocular rivalry suppression can be measured by
delivering a brief test stimulus to one eye during its sup-
pression phase, and varying some aspect of the test stim-
ulus to ﬁnd its threshold level. Early experiments, which
required subjects to detect spots or gratings (Blake &
Camisa, 1979; Makous & Sanders, 1978), showed that
contrast sensitivity is reduced during suppression to
about half of its value during dominance. We recently
took a diﬀerent approach to measuring suppression
depth by requiring subjects to perform a form or motion
discrimination during suppression (Nguyen, Freeman,
& Alais, 2003). The depth of suppression, measured as
the change in shape or speed needed to perform the task,
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that could be performed by examining small fragments
of the test stimulus yielded shallow suppression and
tasks requiring global computations over larger areas
gave deeper suppression. This ﬁnding was interpreted
to mean that rivalry is a process distributed along the vi-
sual pathway, and that suppression grows with distance
along the pathway.
Contrast sensitivity for simple tasks such as grating
detection is reduced during binocular rivalry suppres-
sion. Will it also be reduced for computationally more
complex discrimination tasks? The answer to this ques-
tion is neither obvious, nor available from previous
work. Contrast–response functions become progres-
sively steeper along the visual pathway (Sclar, Maunsell,
& Lennie, 1990) with the result that changes in neuronal
responses are minimised when contrast increases above
its threshold level. Recent results from magnetic reso-
nance imaging indicate responses that vary little with
contrast in higher visual cortex, particularly for sophis-
ticated form discrimination tasks such as face recogni-
tion (Avidan et al., 2002). It could be, therefore, that
while form and motion sensitivity are strongly reduced
during binocular rivalry, contrast sensitivity is not as
aﬀected.
We examine this suggestion here, by measuring the
minimum contrasts required to perform form and mo-
tion discriminations during rivalry. A preliminary ac-
count of this work has been published in abstract form
(Li & Freeman, 2004).2. Methods
2.1. Subjects
Nine human subjects, aged 25 to 37, took part in
these experiments. They had normal, or corrected-to-
normal, visual acuity and good stereoacuity. All subjects
provided written, informed consent for their
participation.
2.2. Viewing arrangement
Experiments were run in a darkened room, and visual
stimuli were presented on a computer monitor. Subjects
viewed stimuli through a stereoscope, and used a chin-
rest and forehead-rest to minimise head movements.
Left-eye stimuli were presented on the left half of the
monitor, and right-eye stimuli on the other half. A sep-
tum in front of the monitor, and front-surfaced mirrors
adjacent to the stereoscope, ensured that each eye
viewed only its own stimulus. Both arms of the stereo-
scope had three degrees of freedom, and subjects ad-
justed the arms to optimise fusion of the two
monocular stimuli. A black fusion box, 2.7 on a side,was centred on each monocular stimulus to assist binoc-
ular fusion. Two types of stimuli were used, form and
motion. For form stimuli, each monitor pixel subtended
1.1 min arc at the eye, the optical distance from monitor
to eye was 1.14 m, and the frame rate of the monitor was
66.7 Hz. For motion stimuli, these stimulus variables
were 2.4 min arc, 0.57 m, and 85 Hz.
2.3. Form stimuli
Visual stimulation consisted of a conditioning stimu-
lus, which induced binocular rivalry, followed by a test
stimulus to measure sensitivity during either the domi-
nance or suppression phase of rivalry. The conditioning
stimulus used for the form experiments, shown in Fig.
1(A), was a variation on the lobed circles described
by Wilkinson, Wilson, and Habak (1998). Luminance
along any radius of an unlobed circle, as shown on
the right side of the conditioning stimulus in part A
of the ﬁgure, equalled the fourth derivative of a Gauss-
ian function of radial distance. The radius of the circle
was 0.67, and the annular width of the circle was set
by the Gaussians standard deviation, which was 7%
of the radius. Background luminance was 45 cdm2,
and the peak contrast of the circle was 0.75. Lobes were
generated by sinusoidally varying the radius of the cir-
cle with distance around the circumference. The left
side of the conditioning stimulus in Fig. 1(A), for exam-
ple, shows four lobes with an amplitude equal to 25%
of the radius.
Brief test stimuli were delivered to the right-eye dur-
ing rivalry, to measure visual sensitivity. The ﬁgurines
at the bottom of Fig. 1(C) illustrate the test stimuli.
Each test consisted of two adjacent, lobed, semicircles.
One semicircle had two lobes and the other semicircle
had fewer lobes. The two-lobed semicircle was placed
in either the upper or lower location, and the subjects
task was to decide where it appeared. Lobes were ran-
domly rotated around the circumference of the circle
between trials to prevent judgements based on small
segments of the stimulus. Unless otherwise stated, the
peak contrast of the test stimulus was 0.75. In some
experiments, lobe amplitude was varied to ﬁnd the sub-
jects threshold. Large amplitudes produced contours
near the centre of the right-eyes stimulus that were un-
matched by any contours in the left-eyes stimulus. To
avoid this diﬀerence, all stimuli (conditioning and test)
were masked outside an annular area. The mask was a
Gaussian function of radial distance. It produced no
attenuation at the base radius, 0.67; the attenua-
tion elsewhere was determined by its standard devia-
tion, which was 21% of base radius. The eﬀect of this
mask can be seen by close inspection of the left-eye
stimulus in Fig. 1(A): there is a loss of contrast for
the innermost and outmost projections of the lobed
circle.
Fig. 1. Elevation of form discrimination thresholds during binocular
rivalry. (A) The conditioning stimulus used to induce rivalry. (B) The
right-eye was presented with a test stimulus when its conditioning
stimulus was either dominant (open symbols) or suppressed (ﬁlled
symbols). The test stimulus consisted of adjoining semicircles distorted
with variable numbers of lobes, as illustrated at the bottom of the
ﬁgure. The special case 0 (ﬁxed) indicates that the radius of the
undistorted semicircle did not vary between trials. Subjects were
required to indicate the semicircle with more lobes, and the threshold
lobe amplitude required for this task is shown on the vertical axis.
Data for three subjects are given, and each error bar provides the 95%
conﬁdence interval. The gap between the open and ﬁlled symbols
indicates the threshold elevation due to binocular rivalry suppression.
(C) The data in this graph give the threshold during dominance divided
by that during suppression; the distance of the points below one shows
suppression depth.
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The motion stimuli used to produce rivalry were ﬁve-
armed spirals, as illustrated at the bottom of Fig. 4(A).
The spirals were Archimedean in that the radial distance
from the origin to an arm was proportional to the angle
between the radius and the horizontal. Luminance var-
ied sinusoidally with distance along any radius, with a
contrast of 0.1. The diameter of the pattern was 1.4,
and the pitch of the spiral (the radial distance from
one occurrence of an arm to its next) was set at the samevalue. Spirals were rotated at 0.5 revolutions s1. They
were converted to gratings by shifting the spiral centre
away from the middle of the viewing aperture (as shown
in the upper ﬁgurines of Fig. 4(A)). As a result of these
stimulus settings, 5 cycles were visible and the drift rate
was 2.5 Hz, regardless of spiral oﬀset.
2.5. Psychophysical procedure
Stimuli were produced, and experiments were run,
using the Psychophysics Toolbox (Brainard, 1997; Pelli,
1997). On each trial of an experiment, subjects waited
for the appropriate phase of binocular rivalry, dominance
or suppression of the right-eyes stimulus, and then trig-
gered a test stimulus. For form stimuli, the test replaced
the right-eyes conditioning stimulus for 120 ms. The test
tended to break suppression; to minimise post-test cues
relating to the subjects task, the test was in turn replaced
by amask. Themask consisted of a four-lobed circle, cor-
responding to the two-lobed semicircle in the test stimu-
lus, superimposed on a second circle with twice the
number of lobes in the second semicircle in the test. Mask
lobes were randomly located relative to test lobes, and the
contrast of each lobed circle was half that of the test stim-
ulus. The mask continued until the subject responded, at
which time the conditioning stimulus was reinstated.
For motion stimuli, the test stimulus consisted of a
speed increment or decrement in the right-eye spiral.
The speed change was accomplished by multiplying or
dividing the base speed by a raised Gaussian proﬁle with
a standard deviation of 23 ms, for a total period of
129 ms. The spirals were replaced with a uniform back-
ground at the end of the speed change.
The test stimulus took two alternative forms, and the
subjects task was to choose which alternative appeared.
Incorrect choices were signaled with a sound. The thresh-
old variables—lobe amplitude, speed change, or con-
trast—are described in more detail in the Results. Each
variable was adjusted from trial to trial using a Quest
procedure (Watson & Pelli, 1983) to obtain 75% correct
responses. There were suﬃcient trials (up to 30) in each
run to reach this criterion level. Suppression runs were
alternated with dominance runs and the threshold vari-
able for a given run was randomly selected from a ﬁxed
set of values to avoid biases due to learning, tiredness,
or loss of concentration. Thresholds were averaged
across runs of the same type: each plotted point results
from an average of 7 runs, and 168 responses.3. Results
3.1. Form discrimination
We measured form discrimination during binocular
rivalry in two ways. In the ﬁrst case, two objects were
Fig. 2. Lack of eﬀect of binocular rivalry on contrast sensitivity. The
test stimulus diﬀered from that of the previous ﬁgure in that lobe
amplitude was ﬁxed well above the threshold for form discrimination,
and the threshold variable was test stimulus contrast. All other aspects
of the experiment were the same as for the previous ﬁgure. The result,
however, diﬀers markedly: the threshold level for task performance
was unaltered by binocular rivalry. Suppression disappears when the
threshold variable is test stimulus contrast.
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able to discriminate them. In the second case, the diﬀer-
ence between the shapes was set at a constant supra-
threshold level, and the contrast of the two objects
was adjusted to ﬁnd the discriminable level. The two
experiments produced very diﬀerent results.
Fig. 1 shows the results of the ﬁrst experiment. The
left- and right-eye images in the conditioning stimulus
were incompatible, inducing binocular rivalry. Subjects
triggered a test stimulus to the right-eye when the condi-
tioning stimulus to that eye was dominant (open sym-
bols) or suppressed (ﬁlled symbols). The test stimulus
was a pair of lobed semicircles for which one member
of the pair had two lobes and the other member had
fewer. The horizontal axis gives the number of lobes in
the variable semicircle, and the ﬁgurines at the bottom
of the ﬁgure show examples of the test stimuli used.
Data for three subjects are shown.
The subjects task was to indicate whether the semi-
circle with two lobes was in the upper or lower position.
Lobe amplitude was adjusted to obtain 75% correct re-
sponses, and the resulting amplitudes are shown on
the vertical axes. Both dominance and suppression
thresholds increase from left to right, as the task be-
comes more diﬃcult. More importantly for the question
being asked here, the amplitude during suppression is
higher than that during dominance, indicating a loss
of visibility due to suppression, and the vertical gap be-
tween the suppression and dominance data indicates the
depth of suppression. Suppression depth grows as the
form discrimination becomes more diﬃcult. Thus, sup-
pression is weak where an unlobed semicircle is to be
discriminated from a two-lobed semicircle, and is deeper
where the distinction is between 1.5 and 2 lobes. This is
shown more concisely in part C of the ﬁgure, which
gives the threshold during dominance divided by that
during suppression. The increasing suppression depth
from left to right conﬁrms an observation made in a pre-
vious paper of ours (Nguyen et al., 2003).
What happens when the threshold variable is con-
trast rather than shape? This question is answered in
Fig. 2. To obtain the data in this ﬁgure, test lobe ampli-
tude was set at 25%, a value well above the threshold
for shape discrimination in both dominance and sup-
pression (as can be seen from Fig. 1). The contrast of
the test stimulus was then adjusted to obtain 75% cor-
rect responses for the same three subjects as before.
Surprisingly, binocular rivalry suppression disappears:
there is no signiﬁcant diﬀerence between the thresholds
obtained during suppression and dominance (a re-
peated-measures analysis of variance showed that
F(1,2) = 1.62, P = 0.33). This ﬁnding is shown more di-
rectly in part C of the ﬁgure, which shows the threshold
during dominance divided by that during suppression.
The ratios lie very close to unity, indicating a lack of
suppression.We were concerned that the lack of suppression in the
second experiment could have been artefactual. Three
sources of error were considered. First, there is the pos-
sibility that subjects were not accurately distinguishing
between dominance and suppression periods. The condi-
tioning stimulus, however, was identical in the ampli-
tude threshold and contrast threshold experiments: the
induction of rivalry and the subjects recognition of riv-
alry phases should therefore be the same in the two
experiments. Second, inadequate training or overtrain-
ing for the contrast threshold experiment is unlikely, be-
cause that experiment was performed concurrently with
the amplitude threshold experiment, and with the same
subjects.
Third, the lack of suppression in the second experi-
ment may have been due to contrast masking. The rea-
soning was as follows. The test stimulus, with a contrast
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with a contrast of 0.75. Perhaps contrast gain was suﬃ-
ciently reduced by the conditioning stimulus that the
lower-contrast test produced a very weak response. If
this were true, the test response would be weak in both
the dominance and suppression cases, removing any sig-
niﬁcant diﬀerence between the two responses. We con-
trolled for this possibility by using a conditioning
stimulus with a peak contrast of 0.075. The results are
shown in Fig. 3, and again demonstrate a lack of sup-
pression (repeated-measures F(1,2) = 0.125, P = 0.76).
Note that the test stimulus contrast thresholds at the
right end of the axis are very close to 0.075, the peak
contrast of the conditioning stimulus. These results rule
out contrast masking as an explanation for the lack of
suppression.
3.2. Motion discrimination
Contrast sensitivity therefore appears to be unaf-
fected by binocular rivalry when measured with a form
discrimination task. We tested the generality of this con-
clusion with another type of discrimination. In this case
the subject was presented with a rotating spiral, and was
required to discriminate between increments and decre-
ments in the speed. As before, the discrimination wasFig. 3. Low conditioning stimulus contrast. A control experiment was
run to check whether the constancy of contrast sensitivity during
binocular rivalry was due to contrast masking by the conditioning
stimulus. For the data represented in this ﬁgure, conditioning stimulus
contrast was reduced by a factor of 10. The format of the ﬁgure is the
same as for Fig. 1. The contrast sensitivity during suppression is the
same as that during dominance, ruling out a masking eﬀect.performed in two ways. First, the magnitude of the
speed change was adjusted to ﬁnd a motion threshold.
Second, the speed change was ﬁxed at a suprathreshold
level, and the contrast of the moving pattern was chan-
ged to ﬁnd a contrast threshold for the same task.
The stimuli are shown in Fig. 4(A). A rotating spiral
was presented to one eye, and another spiral with oppo-
site throw and rotation direction was presented to the
other eye to induce rivalry; this pair is depicted at the
bottom of Fig. 4(A). The spiral in front of the right-
eye was brieﬂy increased or decreased in speed, and
the subjects task was to indicate the sign of the speed
change. Cavanagh and Favreau (1980) have shown that
motion judgements on rotating spirals include a global
mechanism, in that the judgements do not depend on lo-
cal spatial features of the stimulus. To simplify the task,
the centre of rotation was progressively shifted out of
the viewing aperture until the stimuli became drifting
gratings, as shown at the top of the ﬁgure.Fig. 4. Motion discrimination measured with both speed and contrast
thresholds. (A) Binocular rivalry was induced with a spiral presented
to one eye and another presented to the fellow eye, as shown in the
lowest stimulus pair. The spirals diﬀered in both their throw and
direction of motion. To make the stimulus simpler, each spiral was
oﬀset from the centre of its viewing aperture until it became a drifting
grating, as shown in the top stimulus pair. (B) The right-eyes spiral
was brieﬂy speeded up or slowed down, and subjects were required to
indicate the direction of the speed change. The graph shows speed
change thresholds during dominance (open symbols) and suppression
(ﬁlled symbols) for one subject. The gap between the two curves gives
suppression depth. (C) The same subject was also tested with a task in
which the speed change was suprathreshold and stimulus contrast was
adjusted to obtain the threshold. Error bars indicate 95% conﬁdence
intervals. In this case, the threshold is slightly improved during
suppression of the tested eyes stimulus.
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dominance (unﬁlled symbols) and suppression (ﬁlled
symbols) for one subject. The gap between the two
curves indicates suppression depth, which grows as the
task becomes more complex. The picture is markedly
diﬀerent for contrast thresholds, shown in part C of
the ﬁgure. In this case, the speed change was ﬁxed at a
suprathreshold level, four times the base speed, and
the contrast was adjusted to obtain the threshold. We
initially attempted to obtain this threshold by altering
the contrast of the tested eyes stimulus during the speed
change. This immediately broke suppression, defeating
the aim of measuring suppression depth. We therefore
kept contrast the same for both eyes throughout a trial
and adjusted this contrast from trial to trial to ﬁnd the
level yielding 75% correct responses. The resulting value
still represents a contrast threshold for discriminating
between increments and decrements of speed. The verti-
cal axis in part C gives contrast threshold. In this case
the threshold is not elevated by binocular rivalry sup-
pression, but is reduced instead.
Fig. 5 shows the results for all subjects. The vertical
axis in this case gives the threshold during dominance
divided by that during suppression. Suppression de-Fig. 5. A comparison of speed change and contrast thresholds across
subjects. The vertical axis is the threshold during dominance divided
by that during suppression. This ratio falls below unity when a speed
change threshold is used (part A, adapted from Nguyen et al., 2003),
but is slightly greater than unity when the threshold variable is contrast
(part B).grades speed thresholds (part A) but does not degrade
performance when contrast threshold is measured (part
B). In fact, contrast thresholds are signiﬁcantly better
during suppression than during dominance (repeated-
measures F(1,2) = 526, P = 0.002). The reason for this
improvement is taken up in the Discussion. Despite this
unexpected result, the form and motion discrimination
experiments are in agreement: contrast sensitivity is
not lost during suppression.
3.3. Psychometric functions
Why does binocular rivalry suppression produce no
loss of contrast sensitivity in a form or motion discrim-
ination task? One possibility involves the shape of the
contrast–response function. According to both single-
cell electrophysiology (Sclar et al., 1990) and human
imaging experiments (Avidan et al., 2002), this function
steepens as the visual signal progresses from primary to
higher visual cortex. The contrast–response function
responsible for the measurements made here may there-
fore be suﬃciently steep that an improvement from a
suppressed response to a dominant one can be made
with a very moderate increase in contrast.Fig. 6. Psychometric functions. (A) This graph shows the probability
of a correct response when the threshold variable is speed change. The
symbols come from a single subject tested with rotating spirals without
oﬀset. The threshold variable has been divided by its value when
responses are 75% correct, allowing both dominance and suppression
data to be included on the graph. The ﬁtted curve is a cumulative
Gaussian function of speed change. (B) These data were obtained from
the same subject as in part A, and with the same type of motion
experiment, except that the threshold variable was contrast. The slope
of the curve is higher.
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metric functions obtained during the experiments. Fig.
6(A) shows psychometric functions obtained from one
subject for both speed and contrast thresholds. The hor-
izontal axis gives the threshold variable divided by the
value of that variable yielding 75% correct responses;
this normalisation allows a direct comparison between
the two functions. The psychometric functions obtained
with contrast as the threshold variable are clearly
steeper than those obtained with speed change as the
threshold variable. This suggests that the neural
contrast–response functions on which the psychometric
functions depend may also be steeper.
To ﬁnd more general support for this idea, we mea-
sured the slopes for all psychometric functions obtained
in these experiments. Psychometric functions using con-
trast as the independent variable tended to be steeper
than the other functions (where lobe amplitude or speed
change were the independent variables) under all condi-
tions. However, the contrast-threshold psychometric
functions were signiﬁcantly steeper for only the compu-
tationally most diﬃcult tasks, that is, 1.5 versus 2 lobes
in the form experiment and zero-oﬀset spirals in the mo-
tion experiment (t(13) = 2.95, P = 0.006). The mean
slopes found in this case were 1.0 decade1 where con-
trast was the independent variable, and 0.4 decade1
when the independent variable was lobe amplitude or
speed change.4. Discussion
4.1. Neural mechanisms
The results of this study show that binocular rivalry
suppression does not reduce contrast sensitivity when
that sensitivity is measured with a form or motion
discrimination. The ﬁndings further suggest that this
absence of sensitivity loss is due to a steep contrast–
response function. There are electrophysiological studies
that provide support for this suggestion (Rolls & Baylis,
1986; Sclar et al., 1990). Sclar et al. measured the con-
trast–response function in the lateral geniculate, primary
visual cortex, and middle temporal visual area (MT) of
macaque monkeys. They found that contrast–response
functions become steeper with progress along the visual
pathway, and suggested that this increase in slope occurs
through the convergence of receptive ﬁelds.
There is also a recent imaging study supporting the
idea of steeper contrast–response functions in higher vi-
sual cortex. Avidan et al. (2002) used magnetic reso-
nance imaging to measure contrast–response functions
in human subjects. They found that these functions
progressively steepened at sites (V1, V2, Vp, V4/V8
and LO/pFs) along the ventral visual pathway. The
steepening was observed when line drawings of inani-mate objects were used as stimuli, and was even more
marked when face stimuli were used. The authors
showed that this steepening of the contrast–response
function contributes to contrast invariance: the re-
sponse in higher visual cortex varies less with supra-
threshold contrasts than it does in primary visual
cortex. It seems, therefore, that the results we have ob-
tained here in a study of binocular rivalry ﬁt with a
wider spectrum of studies supporting contrast (and ob-
ject) invariance in higher visual cortex.
4.2. Threshold elevation model
How does a steep contrast–response function explain
our results? Assume that a subject making a form or mo-
tion discrimination of the type described here relies on
the response of a speciﬁc neural population. There are
at least two requirements on this population. First, it lies
beyond primary visual cortex, since primary cortical
cells presumably cannot encode the global properties
that have to be discriminated. Second, the neural popu-
lation produces a response that depends monotonically
on the threshold variable (lobe amplitude, speed change,
or contrast): the subject then selects one alternative of a
binary choice if the response falls below a criterion level,
and the other choice if the response is greater than that
level.
Fig. 7 shows a neural model that conforms with these
requirements. The curves in Fig. 7(A) represent the re-
sponse of a cortical cell activated by either the form or
motion stimuli. The horizontal axis shows the logarithm
of either lobe amplitude (form experiment) or speed
change (motion experiment). The Dominance curve rep-
resents responses during the dominance phase of binoc-
ular rivalry, and the open symbol on it gives the impulse
rate, Rcrit, required to provide the criterion psychophys-
ical response (75% correct) and the threshold stimulus,
Tdom, producing that response. Suppression produces a
drop in response, to Rlow. The Suppression stimulus–
response function passes through the point (Tdom, Rlow)
and is assumed to result from a rightward shift of the
Dominance curve. The threshold during suppression,
Tsup, is that which yields the criterion response, Rcrit,
and the threshold elevation due to suppression is given
by the gap between Tdom and Tsup. The picture obtained
when contrast is used as the threshold variable, Fig.
7(B), diﬀers in that the contrast–response functions are
steeper. The steepness of the curves results in a much
smaller threshold elevation due to suppression. The
model therefore helps to explain the lack of eﬀect of sup-
pression on contrast thresholds.
One of the assumptions made in this model is that
binocular rivalry suppression does not alter the shape
of the stimulus–response function (when plotted against
the logarithm of the stimulus) but simply shifts it right-
ward. It is of interest to note that a similar assumption
Fig. 7. A model for the thresholds obtained in the experiments
described here. (A) The horizontal axis shows the strength of the test
stimulus, and the vertical axis gives the response to the test stimulus of
a neuron contributing to the subjects decisions in the psychophysical
task. Stimulus strength is lobe amplitude, in the case of the form
experiment, or speed change, for the motion experiment. It is assumed
that the neurons activity is modulated by binocular rivalry, namely,
that it is higher during the dominance state of binocular rivalry, and
lower during suppression; stimulus–response curves are shown for
these two states. Rcrit is the response required for the subjects criterion
performance in the psychophysical task, and Tdom and Tsup are the
stimulus levels generating that response in dominance and suppression,
respectively. (B) These curves also show stimulus–response functions,
except that now stimulus strength is contrast. The stimulus–response
curves in this case are assumed to be steeper, yielding a smaller gap
between the dominance and suppression thresholds.
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tivity of V4 neurons during inattention. Reynolds, Pas-
ternak, and Desimone (2000) trained monkeys to
direct their attention to areas inside and outside the
receptive ﬁeld of the recorded cell. The results were well
explained by the assumption that inattention produced a
rightward shift in the contrast–response function, with-
out a change in its shape.
4.3. Hypersensitivity during suppression
Visual sensitivity during binocular rivalry suppres-
sion can be higher than that during dominance, as indi-
cated by the results in Fig. 5(B) for the motion
experiment. This puzzling hypersensitivity also applies
to the form data, as shown by the following argument.
The neural model just described requires that sensitivity
during suppression be lower than that during domi-
nance, even for contrast thresholds. The empirical data,
however, showed no signiﬁcant diﬀerence between thecontrast thresholds measured in suppression and domi-
nance. How do we explain these higher than expected
sensitivities during suppression? One possibility is adap-
tation. A dominant neural population presumably con-
veys relatively high action potential rates, and
therefore undergoes adaptation. A suppressed neural
population, on the other hand, is released from adapta-
tion, elevating its sensitivity. Wilson (2003) has success-
fully used this idea to model the switching of dominance
from one neural population to another. Whether adap-
tation can explain the hypersensitivity we have mea-
sured during suppression remains to be fully tested.
4.4. Measuring binocular rivalry suppression
In measuring the suppression depth of binocular riv-
alry, diﬀering methods produce diﬀering results. One
approach is to measure the contrast sensitivity to a test
stimulus consisting of a spot or grating. This shows
that contrast sensitivity during suppression is about
half of that during dominance (Blake & Camisa,
1979; Makous & Sanders, 1978; Nguyen, Freeman, &
Wenderoth, 2001). A more recent study used a test
stimulus for which the subjects task was a form or mo-
tion discrimination. Suppression depth depended on the
computational diﬃculty of the task: suppression deep-
ened as the task changed from spatially local to global
(Nguyen et al., 2003). Now, in the present paper, we
ﬁnd that a combination of these approaches—contrast
sensitivity for a form or motion task—results in sup-
pression thresholds that are no worse than dominance
thresholds. There is a good reason for this diversity
of results. Binocular rivalry is a process distributed
along the visual pathway, and therefore involves neural
populations with a variety of properties (Blake & Logo-
thetis, 2002). The measured depth of suppression there-
fore depends on the neural population tapped, and the
type of neural response on which the psychophysical
task depends.References
Avidan, G., Harel, M., Hendler, T., Ben-Bashat, D., Zohary, E., &
Malach, R. (2002). Contrast sensitivity in human visual areas and
its relationship to object recognition. Journal of Neurophysiology,
87, 3102–3116.
Blake, R., & Camisa, J. (1979). On the inhibitory nature of binocular
rivalry suppression. Journal of Experimental Psychology: Human
Perception and Performance, 5, 315–323.
Blake, R., & Logothetis, N. K. (2002). Visual competition. Nature
Reviews Neuroscience, 3, 13–21.
Brainard, D. H. (1997). The Psychophysics Toolbox. Spatial Vision,
10, 433–436.
Cavanagh, P., & Favreau, O. E. (1980). Motion aftereﬀect a global
mechanism for the perception of rotation. Perception, 9, 175–182.
Li, D. F., & Freeman, A. W. (2004). Spatial discrimination in
binocular rivalry. Proceedings of the Australian Neuroscience
Society, 15, 124.
D.F. Li et al. / Vision Research 45 (2005) 1255–1263 1263Makous, W., & Sanders, R. K. (1978). Suppression interactions
between fused patterns. In A. C. Armington, J. Krauskopf, & B. R.
Wooten (Eds.), Visual psychophysics and physiology (pp. 167–179).
New York: Academic Press.
Nguyen, V. A., Freeman, A. W., & Alais, D. (2003). Increasing depth
of binocular rivalry suppression along two visual pathways. Vision
Research, 43, 2003–2008.
Nguyen, V. A., Freeman, A. W., & Wenderoth, P. (2001). The depth
and selectivity of suppression in binocular rivalry. Perception &
Psychophysics, 63, 348–360.
Pelli, D. G. (1997). The VideoToolbox software for visual psycho-
physics: transforming numbers into movies. Spatial Vision, 10,
437–442.
Reynolds, J. H., Pasternak, T., & Desimone, R. (2000). Attention
increases sensitivity of V4 neurons. Neuron, 26, 703–714.Rolls, E. T., & Baylis, G. C. (1986). Size and contrast have only small
eﬀects on the responses to faces of neurons in the cortex of the
superior temporal sulcus of the monkey. Experimental Brain
Research, 65, 38–48.
Sclar, G., Maunsell, J. H. R., & Lennie, P. (1990). Coding of image
contrast in central visual pathways of the macaque monkey. Vision
Research, 30, 1–10.
Watson, A. B., & Pelli, D. G. (1983). QUEST: a Bayesian adaptive
psychometric method. Perception & Psychophysics, 33, 113–120.
Wilkinson, F., Wilson, H. R., & Habak, C. (1998). Detection and
recognition of radial frequency patterns. Vision Research, 38,
3555–3568.
Wilson, H. R. (2003). Computational evidence for a rivalry hierarchy
in vision. Proceedings of the National Academy of Sciences of the
United States of America, 100, 14499–14503.
